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MINOS (Main Injector Neutrino

Oscillation Search) Far detector
~5 kTon

eConventional muon neutrino beam
from charged pion decays.

* Near detector is at 1.04 km from
target (Fermilab) and far at 735 km
(Minnesota).

*Measure spectra at near and far to
search for muon neutrino
disappearance or electron appearance.
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Horn focused muon neutrino beam
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MINQOS Detectors
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MINOS Event Topologies (MC)
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Analysis Challenge for v .

e Construct a selection algorithm to reject
background and select V e

 Measure the background spectrum in the near
detector.

e Use near detector measurement to predict far
detector background.

* Minimize dependence on Monte Carlo.

e Carry out blind analysis. Check background
estimates with independent samples.



Selecting Ve events

e Basic cuts to ensure data quality:

® Beam quality and detector quality cuts.
e Fiducial volume cuts:

29 ton

® Cosmic rejection cuts based on steepness.
® V. preselection cuts to reduce background. 4 kion

® V. selection cuts based on shower topology

Preselection requirements: v, CC
Track length < 25 planes.
Track like length < 16 planes.
Reconstructed energy 1-8 GeV.
At least one shower and 4
contiguous planes with > 0.5
MIP energy units.
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Probability

Selecting ve Events with Artificial Neural Net(ANN)

Far Detector MC
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®11 variables chosen describing

length, width and shower

shape
® ANN algorithm achieves:
esignal efficiency 41%
oNC rejection >92.3%
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Selecting Ve events with Library Event Matching (LEM)
(fraction of electron neutrino events in 50 best matches)
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Events/1.0x10"° POT

Near detector selection
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ANN selected: 5524 events/10" POT
LEM selected: 3528 events/10" POT

Background is composed of CC (with invisible muons), NC, and ve
contamination in the beam.

MC does not model the absolute background well, but the CC/NC ratios
have better control. Contamination well modeled.

We also use v, charged current data with muon removed to check our
background calculation.



Extrapolating background to FAR
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ANN far = 5524 (near) X 1.3 10® X 4000 ton/29 ton X 3.14 10%° POT /10¥°POT
= 31 events => further corrections => 27

LEM far = 3528 (near) X 1.3 10°° X 4000 ton/29 ton X 3.14 10%° POT /10°POT
= 20 events => further corrections => 22

To get more accurate answers need to separate CC (with invis. muons) and NC
backgrounds, use spectrum and account for detector differences.
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both CC NC contributions because CC have longer

muons and get rejected
* Minimize dependence on MC by utilizing data with horn/off spectrum

e Calculate the CC/NC fractions using MC input: ratios of CC/NC for Hon
and Hoff and the beam contamination vein reco. energy bins.

 Statistical error from Hoff data, systematics from how well ratios are
known and stable against cuts.

e Final backg numbers are: 27+- 5+-2 for ANN, and 22+-5+-3 for LEM,
errors dominated by modeling of detector differences.



Muon removed showers from CC

* Allows two checks

Events/3.14x102°POT

— Independent background
calculation.

— Complete check of analysis
by looking at far events
without looking at signal.
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discrepancy between MRCC data and
MC is very similar to the discrepancy
in standard data and MC, both in
shower shape and energy. We can
correct the MC by this discrepancy.

Total | NC |v,CC|v;CC |vebeam
Horn

27 18.2 5.1
on/off 11 2.9
MRCC| 28 211 3.6

Two methods agree




Muon removed electron added

¢ Adding the electron to the muon removed events, present good
agreement in PID.
e Verification of signal selection efficiency.

Far Detector MINOS PRELIMINARY Far Detector MINOS PRELIMINARY
T T — U — T T | — T
5 Y Preselection E 5 go- Preselection +L
& | ——MREData ; & | —MREData :
H 30 L o0 [
= | —MREMC — = °| —MREMC ]
<t : <t i
~ 20 - L]
T L =
10 +
g | it Z *
ol t * H
0 0.5 1 1
ANN LEM
e We observe a total of 159 events. ® \\Ve observe a total of 180 events.
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We model the signal well.
At Chooz limit expectation is 6-12 events
depending on the value of the CP phase.
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Events/3.14x10%° POT

Data Excess

Signal region examination (1)
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Events/3.14x10°POT

Far Data Distributions
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Allowed Region

A Feldman-Cousins method was
used

Fit simply to the number of
events from 1-8 GeV, no shape
or correlation information used.

Best fit and 90% C.L. limits are
shown:

* for both mass hierarchies

e at MINOS best fit value for
Am?5;, & Sin?(20,5;)

Results:

Normal hierarchy (5.-=0):
sin?(20,5) < 0.29 (90% C.L.)

Inverted hierarchy (5:-=0):
sin2(20,,) < 0.42 (90% C.L.)

Feldman-Cousins C.L. contours for ANN
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o

Future 90% CL contours
7.0 x10%° POT

Potential Feldman-Cousins C.L. contours for ANN

I T T
7.0x10%° POT

sin®(20,)) = 1.0 |

1.5 1A m3,| = 2.43x107%eV*
- — Best FitA m®>0 _
1 *+** Best Fit A m?< 0 —
- ~——90% CLAM?>0 |
- ~90% CLA m?<0 |
L ~— CHOOZ 90% CL -
0.5 .
L . | | )
00 0.2 0.4 0.6
. PRELIMINARY
sin®(26,,)

Future measurement if data

excess persists.
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Future limit if excess cancels
with more data.

We have already doubled the data set.



Far Detector v, CC Data

e See strong energy dependent
distortion of spectrum

e Prediction using near detector

data.

e Energy spectrum fit with the
oscillation hypothesis:

P(v, = v,) =sin’(26)sin®

| Am?3;,|=(2.43+0.13)x103 eV?

at 68% C.L.

sin2(2623) >0.90
at 90% C.L.
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Neutral Current Analysis

e General NC analysis overview:

e All active neutrino flavours
participate in NC interaction

e Mixing to a sterile-v will cause a
deficit of NC events in Far Det.

e Assume one sterile neutrino and
that mixing between v, vs and v¢
occurs at a single Am?

eSurvival and sterile oscillation
probabilities become:

P(v,-v,)=1-o,sin*(1.27Am*L/ E)
P(v,-v,)=o,sin’(1.27Am°L/ E)

® (o, = mixing fractions)
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Simultaneous fit to CC and NC energy
spectra yields the fraction of v, that
oscillate to vs:

P(v, —v,)

f = = 0.287) 2 (stat.+syst.)

1—P(vy —>vy)
f <0.68

(90% C.L.)




Conclusion

MINOS has analysed 3.2x10%° POT of beam data (>6.6x10%°
POT data now taken)

Muon neutrino disappearance

— |AmZ,,| = (2.4320.13)x103 eV2 (68% C.L.)

— sin2(26,,) > 0.90 (90% C.L.)

Search for sterile neutrino mixing fraction

—f.<0.68(90% C.L.)

Search for electron neutrino appearance

— sin2(2613) < 0.29 (90% C.L.) (for normal mass hierarchy, §.,=0)

Prospects are good for pushing below Chooz limit with
improved analysis techniques and more data.



Protons per week (E18)

Accumulated Beam Data
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Beam Ve component

- Near Detector MINOS PRELIMINARY
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constrained by using v, events from
several beam configurations.

Uncertainties on the flux in the region of
interest are ~10%.



